Multiple lines of research have implicated the serotonin 1A (5-HT 1A ) receptor in major depressive disorder (MDD). Despite this, quantification of 5-HT 1A is yet to yield a clinically relevant MDD biomarker. One reason may be that reported sex differences in the serotonergic system confound the comparison between diagnostic groups. Therefore, this study sought to determine whether differences in 5-HT 1A binding between depressed and control subjects are affected by sex. Using positron emission tomography (PET), serotonin 1A binding was quantified in 50 patients with MDD (34 female, 16 male) and 57 healthy controls (32 female, 25 male). The subjects' 5-HT 1A density (BP F , equal to the product of the density of available receptors and tracer affinity), was determined by using the PET tracer [carbonyl-C-11]-WAY-100635, a selective 5-HT 1A antagonist. Results indicated that male MDD subjects had a 67.0% higher BP F across 13 brain regions compared with male controls (df ¼ 103, po0.0001). The greatest difference between MDD subjects and controls was in the raphe (132%, p ¼ 0.000). Furthermore, by using a threshold, male controls can be distinguished from depressed males with high sensitivity and specificity (both 480%). In females, the separation between diagnostic groups yields much lower sensitivity and specificity. This data therefore suggests a specific biosignature for MDD in males. Identification of such a biosignature could provide a deeper understanding of depression pathology, help identify those at highest risk, and aid in the development of new therapies. Further, these findings suggest that combining male and female cohorts may not be optimal for some MDD studies.
INTRODUCTION
Major depressive disorder (MDD) is associated with a high degree of morbidity and mortality (Merikangas et al, 2007) , and is predicted to be the leading cause of disease burden by the year 2030 (World Health Orangization, 2004) . Currently, in the United States alone, 30-45 million patients suffer from depression-related disorders. Moreover, MDD is the leading cause of disability for people aging 15-44 (Palucha and Pilc, 2007; World Health Organization et al, 2004) and will affect up to 16.2% of Americans at some point in their lifetime (Kessler et al, 2003) . Further compounding the challenge of MDD, the largest clinical trial of MDD treatments ever conducted, STAR*D, indicated that two-third of MDD patients do not achieve remission (ie, the absence of depressive symptoms) from the first antidepressant they are prescribed (Hierholzer, 2006) . Our infectiveness in treating this disease is a direct consequence of our lack of understanding of depression pathophysiology. Therefore, in order to treat this prevalent disorder, a deeper understanding of its biology is required (Insel, 2009) .
Previous research has implicated the serotonergic system in MDD pathophysiology (Boldrini et al, 2008; Parsey et al, 2006; Sargent et al, 2000; Savitz et al, 2009; Stockmeier, 2003) and selective serotonin reuptake inhibitors remain a first-line treatment, further implicating serotonergic dysfunction in MDD (Blier et al, 1998; Parsey et al, 2010; Sullivan et al, 2009) . Given its key role in MDD, the serotonergic system is a natural substrate in which to search for a biomarker (a characteristic that can be objectively measured and used as an indicator of either normal or pathogenic processes (Singh and Rose, 2009 )) of depression. Uncovering such a biomarker could improve early diagnosis, treatment planning, and monitoring, and the search for novel therapeutics.
A confounding factor that may have inhibited the identification of such a biomarker from the serotonergic system thus far is the sex difference. As early as 1970, it was shown that central serotonin levels as well as cerebrospinal fluid (CSF) concentrations of the serotonin metabolite 5-hydroxyindole-3-acetic acid (5-HIAA) were higher in female than male rats (Rosecrans, 1970) . Further, animal literature has shown that 5-HT 1A binding is modulated by estrogen levels in females (Flugge et al, 1999; PecinsThompson and Bethea, 1999; Zhang et al, 1999) and that downregulation of 5-HT 1A autoreceptors in the dorsal raphe nucleus is induced by female sex hormones (Birzniece et al, 2001; Maswood et al., 1995; Pecins-Thompson and Bethea, 1999) . Conversely, rat studies have shown that estrogen induces up-regulation of 5-HT 1A receptors in forebrain regions such as the medial preoptic area (Frankfurt et al, 1994) . Further, along with female sex hormones, androgens such as testosterone are able to increase the firing activity of 5-HT neurons in both male and female rats (Robichaud and Debonnel, 2005) . Consistent with the animal studies, in humans, the mean rate of serotonin synthesis in males has been estimated to be 52% higher than in females (Nishizawa et al, 1997) . Post-mortem human and studies of CSF have also revealed the sex differences in serotonin metabolite 5-hydroxyindole-3-acetic acid (5-HIAA) levels (Gottfries et al, 1974) (Arango et al, 2001) .
Positron emission tomography (PET) allow the visualization and quantification of the serotonergic system. Consistent with post-mortem and preclinical studies, human PET studies examining the serotonin 1A, 2A, 1B, or transporter in vivo, mostly provide support of serotonergic dysfunction in MDD (Savitz and Drevets, 2013) . Such studies performed by our group using radioligand N-(2-(4-
11 C]WAY100635), a selective 5-HT 1A antagonist, have shown significantly higher 5-HT 1A binding in MDD compared with controls across several regions (Parsey et al, 2010; Parsey et al, 2006; Sullivan et al, 2009) . Also consistent with the observed sex differences in post-mortem and animal studies, differences in serotonin 1A were observed across sexes. In particular, in healthy controls, women have higher 5-HT 1A binding compared with men (Parsey et al, 2002 ) (Jovanovic et al, 2008) . Based on this evidence, we sought to elucidate potential sex differences in the 5-HT 1A in MDD. Since they exhibit higher binding levels in control studies, we expected female depressed subjects to have higher 5-HT 1A binding than their male depressed counterparts. Probing these binding differences could shed light on both the biology of MDD and, potentially, sex differences in MDD manifestation. For example, men experience higher rates of anger, aggression, and substance abuse in depression. And, it is partly because of sex differences in symptomology that for several decades, epidemiological studies reported that women were more likely than men to develop MDD (Kessler et al, 1993) . (When accounting for generally different experience of depression for men and women, differences in MDD prevalence estimates between sexes are no longer observed (Martin et al, 2013) .) Further, this could inform future analyses since, if sex differences in 5-HT 1A do exist, grouping males and females together for analyses (as is commonly done) could confound the search for differences between diagnostic groups, and obscure the identification of potential MDD biomarkers.
MATERIALS AND METHODS

Participants
This study was approved by the Institutional Review Boards of the New York State Psychiatric Institute and Columbia University Medical Center. Fifty subjects met DSM-IV criteria for MDD (34 female, 16 male) and fifty-seven were healthy volunteers (32 female, 25 male). Data from 51 of the 57 control subjects and 45 of the 50 MDD subjects have previously been reported (Miller et al, 2009; Parsey et al, 2010; Parsey et al, 2006) . (A sex by diagnosis interaction was not explored or reported in the previous studies.) All participants provided a written informed consent after receiving a detailed description of the study protocol. All diagnoses were made by consensus by senior research clinicians on the basis of a structured clinical interview (SCID I) by an experienced clinician with at least a Master's degree and on other data such as past medical records. The HDRS-17, the Beck Inventory, and the Global Assessment Scale were utilized to assess depression severity and functional impairment (see Table 1 ). Study criteria for depressed subjects included: (1) age 18-65 years; (2) DSM IV criteria for current MDD; (3) no use of antidepressants for 4 years and absence of other psychotropic medication use for at least 2 weeks (4 weeks for neuroleptics), except benzodiazepines, which were discontinued three days prior to the scan (This stringent exclusion of subjects who have been exposed to medication within the past four years is based on our previous work indicating an effect of recent medication exposure on 5-HT 1A binding (Parsey et al, 2010; Parsey et al, 2006) .); (4) absence of lifetime history of alcohol or substance abuse or dependence; (5) absence of lifetime exposure to 3,4-methylenedioxymethamphetamine (MDMA, 'ecstasy'); (6) absence of significant medical conditions; (7) absence of pregnancy; (8) capacity to provide an informed consent; and (9) absence of psychosis, bipolar disorder, or schizophrenia. Screening was performed via physical exam, history, routine blood, and urine tests.
As Table 1 indicates, some of our depressed subjects were diagnosed with a current anxiety disorder (including generalized anxiety disorder, PTSD or panic disorder). We have previously shown that generalized anxiety disorder and PTSD do not affect WAY-100635 BP F. However, panic disorder may be associated with reduced WAY-100635 Binding potential (BP F ) (Parsey et al, 2006) . For this reason, all analyses were performed including and excluding subjects with panic disorder (5 female MDD subjects).
Radiochemistry and Input Function Measures
The [ 11 C]WAY100635 was prepared as previously described (Parsey et al, 2010) . Measurements of arterial input function, metabolites and free plasma fraction (f p ) were also made as described previously (Parsey et al, 2010) .
Image Acquisition and Analysis
Acquisitions of magnetic resonance imaging (MRI) and PET data were performed as described before (Parsey et al, 2010) . Briefly, all image analysis was performed using MATLAB (The Mathworks, Natick, Massachusetts). To correct for subject motion during the PET scan, frame-byframe rigid body registration was performed to a reference frame. A mean of the motion-corrected frames was then co-registered to the MRI to generate time activity curves.
Regions of interests (ROIs) were labeled on each subject's MRI as described previously (Parsey et al, 2010) and included the ventral prefrontal cortex (VPFC), medial prefrontal cortex (MPFC), dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACN), cingulate (posterior) cortex (CIN), amygdala (AMY), hippocampus (HIP), parahippocampal gyrus (PHG), insular cortex (INS), temporal cortex (TEM), parietal cortex (PAR), and occipital cortex (OCC). As the boundaries of the median and dorsal raphe nuclei (RN) are not identifiable on MRI, a 2 cm 3 ellipsoid was manually placed on the raphe nuclei of each individual's mean PET image, completely encompassing the high [ 11 C]WAY100635 binding region of the posterior midbrain. A cylindrical ROI was drawn in the cerebellar white matter, which was used as the reference region, because, compared with cerebellar gray matter, it has lower volume of distribution (V T ), comparable nonspecific binding and less-specific binding (Parsey et al, 2010) .
Derivation of Outcome Measures
Regional distribution volumes of [ 11 C]WAY100635 were derived as described previously (Parsey et al, 2010) . BP F is equal to the product of the available receptor density (Bavail, nM per g of tissue) and affinity (1/KD, nM per ml of brain water) (Innis et al, 2007) . VT is the total regional equilibrium distribution volume. VT of the reference region (V ND , from a one tissue compartment model) was calculated and used as a constraint for the K1/k2 ratio in the two tissue kinetic modeling of the ROI. BP F was calculated as (V T -V ND )/f P where f P is the free fraction in plasma.
Standard errors (SE) were computed for each estimated BP F value using a bootstrap algorithm that takes into account errors in metabolite, plasma and brain data (Ogden and Tarpey, 2006) . For the data set used in the study, outlier data points were defined as a BP F SE value of greater than 20 ml/cm 3 , that is, two standard deviations above the mean error value. Only one outlier point was detected and the Time Activity Curve (TAC) for that subject was inspected. It was observed that at the end of the TAC, after time 80 min, a single point showed increasing activity. As this is physiologically impossible and therefore likely represents only noise, the single point was removed from the TAC and the corrected BP F and BP F SE values were the values used in the analyses. Adjusting this value did not affect specificity or sensitivity calculations.
Genotyping
All subjects were genotyped for the functional 5-HT 1A gene promoter region single nucleotide polymorphism (SNP) known as 5-HT1A C(-1019)G (Huang et al, 2004; Wu and Comings, 1999) .
Statistics
Regional BP F estimates were natural-log transformed before statistical modeling in order to account for heterogeneity of variances across regions. Linear mixed-effects models with SEs of transformed regional BP F estimates as weights were fit to the transformed regional BP F estimates with brain region as the fixed effect and the subject as the random effect. The dependency structure for all regions within the same subject was chosen based on Akaike Information Criterion (AIC). The final structure had a generalized compound symmetry structure allowing different variance components in different brain regions and common correlation in any two brain regions within the same subject. Fixed effects in the model included brain region, gender, diagnosis group, and the interaction between brain region and gender. Age effect was not included in the model due to previous reports citing no age dependent 5-HT 1A binding modulation in males or females (Parsey et al, 2002) . Further, genotype was not included as a covariate. Although we previously reported that 5-HT 1A BP F is associated with a stepwise increase in binding in raphe nuclei with G allele frequency of the C(-1019)G 5-HT 1A promoter polymorphism, that is, CCoCGoGG (Hesselgrave and Parsey, 2013) , in this expanded cohort and using weighted SE (robust measures of BP F estimate reliability (Ogden and Tarpey, 2006) ), no effect of the C(-1019)G 5-HT 1A promoter polymorphism effect was present. No significant genotype effect was observed in raphe binding for: controls (p ¼ 0.19), MDD (p ¼ 0.62) and when all subjects are combined (p ¼ 0.22). Similarly, no genotype effect was seen on raphe BP F in carriers of at least one G allele, that is, CC vs CG/GG: controls (p ¼ 0.07), MDD (p ¼ 0.78) and when all subjects are combined (p ¼ 0.10).
Another potential covariate is the number of depressive episodes. However, this is variable difficult to accurately quantify due to recall bias and difficulty identifying discrete episodes. For this reason, we did not include the number of depressive episodes in the statistical model.
No other interaction terms in first or higher order reached statistical significance level. Significance level was set at 0.05 and p-values were reported without multiple comparison adjustment. All tests were two-sided. Model fitting was computed using both SAS 9.2 (SAS, Cary, NC) and R 3.0.2 (R Project for Statistical Computing; www.Rproject.org).
RESULTS
Effects of Sex
Control males had a 17.8% lower BP F than control females (df ¼ 103, p ¼ 0.019), on average, across all regions (Figure 1) . Interestingly, the direction of the BP F differences between the sexes changes when examining 5-HT 1A binding in depressed subjects. In depressed subjects, males had a 14.7% higher BP F than females (df ¼ 103, p ¼ 0.15), on average. Male controls were therefore the group with the lowest average BP F and male depressed subjects were the group with the highest average BP F .
Diagnosis by Sex Interaction
Female MDD subjects had 19.7% higher BP F , on average, across all brain regions (Figure 1 ), compared with female controls (df ¼ 103, p ¼ 0.020). Male MDD subjects had 67.0% higher BP F, on average, across all regions, compared with male controls (df ¼ 103, po 0.0001). Post-hoc analysis assessing BP F differences between control and MDD subjects in each sex revealed a region by diagnosis interaction ( Table 2) .
As noted in Table 2 , the greatest separation in binding between MDD and control subjects occurs in the raphe of the males (132%, p ¼ 0.000, Figure 2) , therefore, we further examined this region to determine a threshold that separated male MDD and control subjects.
Binding in the Raphe Nucleus
Using leave-two-out cross-validation, thresholds for diagnostic classification were examined. Using the 25 male controls and 16 male MDD subjects, the leave-two-out approach resulted in 820 ([41*40]/2) iterations. In these simulations, subjects were labeled as MDD if their raphe BP F was greater than or equal to the threshold. At each iteration, this threshold was defined as the BP F value that minimized a cost function consisting of the (negative) sum of the sensitivity and specificity, when considering all subjects except the two left out. By using this threshold, classification of the remaining two subjects was performed. The specificity and sensitivity could then be estimated from the total number of true positives/negatives and false positives/negative of the two left out subjects from every iteration. Over the 820 iterations, the average optimal threshold ranged between 30.4 and 42.2 ml/cm 3 (average: 38.9 ml/cm 3 , standard deviation: 2.6 ml/cm 3 ). Over all trials, the specificity was 84.8% and the sensitivity was 81.7%.
Although, on average, female MDD subjects have higher binding than female controls, the separation between diagnostic groups is much smaller (10.7%, p ¼ 0.078), resulting in considerably lower sensitivity and specificity Although our laboratory has consistently reported a significantly higher BP F in MDD subjects, as compared with healthy controls (Parsey et al, 2006) , there are a number of previously published 5-HT 1A PET studies that reported reduced binding in MDD (Bhagwagar et al, 2004; Sargent et al, 2000) . However, a 2010 paper reconciled these differences (Parsey et al, 2010) by clarifying that (1) depressed individuals exposed to antidepressant medications exhibit higher binding. (The effect of psychiatric medications on neurochemistry has long been considered a possible confounding variable in neurotransmitter receptor studies.) (2) Choice of reference region and outcome measure (BP F vs BP ND ) greatly affects outcome. Briefly, BP ND is the ratio of binding in the region of interest to that of a reference region. Although an ideal reference region has no specific binding, like most tracers, reference regions used for [ 11 C]WAY100635 do contain a low density of 5-HT 1A receptors. An added complexity is that, using this tracer, the specific and nonspecific binding in the reference region are of similar magnitude. Therefore, depressed subjects, who exhibit higher 5-HT 1A , expression will have a non-negligible increase in the denominator of the BP ND measure, resulting in the MDD cohort appearing to have lower binding than controls. This is summarized in a recent review (Hesselgrave and Parsey, 2013) and serves as a reminder of the dramatic effects choice of outcome measure may have in PET studies.) This debate was ultimately resolved when the observed elevated BP F in MDD, by using samples of depressed subjects who had been off medication for at least 4 years, were duplicated and then triplicated (Miller et al, 2013; Parsey et al, 2010) .
Sex Differences in 5-HT 1A
In this work, it was observed that 5-HT 1A binding differences between depressed and control subjects varied by sex. The role of serotonin in depression and, in particular, the relationship between raphe 5-HT 1A and MDD (Kishi et al, 2013; Miller et al, 2009; Miller et al, 2013; Parsey et al, 2010; Parsey et al, 2006) , suggests that differences in MDD pathophysiology between the sexes may be because of sex hormones and their modulation of the 5-HT 1A receptor. This is confirmed by both animal and human studies (though the majority of animal studies examining the involvement of 5-HT 1A in MDD have used males only or samples with a disproportionate ratio of male to female subjects (Castro et al, 2003; Le Poul et al, 2000; Nishi et al, 2009) ).
To date, few studies have looked at the role of sex in the modulation of 5-HT 1A specifically in the pathophysiology of MDD. Therefore, our initial hypothesis assumed that, matching the controls, the female 5-HT 1A binding would be higher than the males in the depressed subjects. However, a 2010 examining alpha-[(11)C]MTrp brain trapping, an index of serotonin synthesis showed that serotonergic differences exist in both healthy individuals and those with MDD across sexes (Frey et al, 2010) . Sex differences in serotonin synthesis were seen in multiple regions of the prefrontal cortex and limbic system, which are involved in mood regulation. Another study looking into the sex differences within the serotonergic system showed that although healthy females exhibit lower cortical trapping of alpha-[(11)C]MTrp than healthy males, females with MDD exhibit higher alpha-[(11)C]MTrp than males with MDD (Frey et al, 2010; Sakai et al, 2006) . This trend is consistent with the findings of the current study, namely that healthy females exhibit higher 5-HT 1A binding than healthy males, females with MDD exhibit lower 5-HT 1A binding than males with MDD.
5-HT 1A BP F in the Raphe as a Biomarker for MDD
A biomarker or endophenotype of MDD could significantly advance our understanding and treatment of this psychopathology in several ways. As pointed out by Peterson et al (Peterson and Weissman, 2011) , a biomarker for MDD could aid: in classifying the heterogeneity observed across MDD presentation into identifiable sub-diagnostic categories and therefore allow more customized treatment strategies; the search for genetic and environmental factors; in identifying those likely to have a chronic course, be treatment resistant, or respond to medication vs therapy; and in identifying those at increased risk for MDD. The last possibility is especially important since MDD is only 31-42% genetically determined. (Sullivan et al, 2000) For this reason, clinicians cannot accurately predict who will develop the illness based on family history alone. Being able to quantify their risk of developing MDD, would allow for preventative strategies to be taken to improve their future mental health outcomes.. This study found that using a threshold value to categorize subjects as either MDD or control based solely on raphe 5-HT 1A BP F values yielded extremely high diagnostic sensitivity and specificity (81.7 and 84.8%, respectively). In previous work, we have shown that 5-HT 1A binding remains elevated in the remitted depressed. This suggests that the increased binding is a trait marker of depression. (Further, such a marker may be effective for bipolar depression as well. We have previously observed higher 5-HT 1A BP F in bipolar disorder ). Moreover, post-hoc analysis in the bipolar disorder study reported that among the male subjects, both the main effect of diagnosis and the region by diagnosis interaction terms were statistically significant. In contrast however, the 5-HT 1A BP F in female control subjects did not differ from the female bipolar subjects nor was the interaction term significant. This is consistent with the trend observed in the current study.)
However, one constraint on the practicality of PET in clinical psychiatry is the invasiveness and cost of the procedure. An ideal alternative would be the development of a blood-based biomarker, such as tracer free fraction or platelet 5-HT 1A levels. The free fraction (f P ) of a PET tracer can be measured from a single venous sample (Milak et al, 2010) and is currently used in the calculation of BP F . In this study, however, we found that [
11 C]WAY100635 f P values achieve much lower sensitivity and specificity than BP F in the raphe (sensitivity/specificity: 80.9%/60.2%, 48.6%/ 57.1%, 56.3%/59.5% for males, females, and a combined group, respectively, by using the sensitivity analysis described in the methods, data not shown). A 2014 study reported that platelet 5-HT 1A levels significantly differ between control and MDD subjects using western blot analysis (Zhang et al, 2014) . However, although promising, this study failed to report diagnostic measures such as sensitivity and specificity. Although technological advances may improve the accuracy of these markers, the first step to uncovering useful surrogate markers is to establish the measure (such as 5-HT 1A binding in the raphe) for which a surrogate is needed.
Limitations
This pilot study involved 50 (34 female, 16 male) MDD and 57 (32 female, 25 male) control individuals. Although the results of this study are promising, the findings must be replicated in a larger cohort. Further, as described above, there is a probable connection between female sex hormones and regulation of mood. Consequently, future studies that measure 5-HT 1A binding in females should adjust for covariates such as phase of menstrual cycle. By using venous sampling, fluctuations in estrogen, and progesterone, levels that occur during the menstrual cycle can be taken in account to more accurately calculate measures of 5-HT 1A binding. Using this information could help achieve higher sensitivity/ specificity in female cohorts in the future.
CONCLUSION
There are currently no biomarkers of MDD that are used clinically. In this study, we show that serotonin 1A binding (BP F ) in the raphe, a small region in the midbrain from which most serotonergic neurons originate, reveals a diagnostic threshold that can distinguish male depressed and control subjects with high specificity and sensitivity. As such, this method may offer an objective biomarker of depression in males. Identification of such a biomarker would offer insight into MDD pathophysiology, providing direction for future development and discovery of nonimaging-based biomarkers (for both sexes). These objective measures would reduce the burden of MDD, by potentially allowing for improved diagnosis, earlier identification of failed treatment, and early intervention.
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